Nutrition Journal© The Author(s) 2024
https://doi.org/10.1186/s12937-024-00947-z

Research

Association of weight-adjusted waist index with all-cause mortality among non-Asian individuals: a national population-based cohort study

Ting Cao1, Ruijie Xie2, Jiusong Wang2, Meimei Xiao2, Haiyang Wu3, Xiaozhu Liu4, Songlin Xie2, Yanming Chen2, Mingjiang Liu2, 6   and Ya Zhang5, 6  
(1)Department of Clinical Laboratory, The Affiliated Nanhua Hospital, Hengyang Medical School, University of South China, Hengyang, China

(2)Department of Hand & Microsurgery, The Affiliated Nanhua Hospital, Hengyang Medical School, University of South China, Hengyang, 421002, China

(3)Duke Molecular Physiology Institute, Duke University School of Medicine, Duke University, Durham, North Carolina, USA

(4)Department of Cardiology, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China

(5)Department of Gland Surgery, The Affiliated Nanhua Hospital, Hengyang Medical School, University of South China, Hengyang, 421002, China

(6)The Affiliated Nanhua Hospital, Hengyang Medical School, University of South China, No.336 Dongfeng South Road, Zhuhui District, Hengyang, Hunan Province, 421002, PR China

 

 
Mingjiang Liu (Corresponding author)
Email: usclmj@163.com

 
Ya Zhang (Corresponding author)
Email: 15575625260@163.com



Received: 23 March 2023Accepted: 4 April 2024Published online: 12 June 2024
Abstract
Introduction
The Weight-Adjusted Waist Index (WWI) is a new indicator of obesity that is associated with all-cause mortality in Asian populations. Our study aimed to investigate the linear and non-linear associations between WWI and all-cause mortality in non-Asian populations in the United States, and whether WWI was superior to traditional obesity indicators as a predictor of all-cause mortality.

Methods
We conducted a cohort study using data from the 2011–2018 National Health and Nutrition Examination Survey (NHANES), involving 18,592 participants. We utilized Cox proportional hazard models to assess the association between WWI, BMI, WC, and the risk of all-cause mortality, and performed subgroup analyses and interaction tests. We also employed a receiver operating characteristics (ROC) curve study to evaluate the effectiveness of WWI, BMI, and WC in predicting all-cause mortality.

Results
After adjusting for confounders, WWI, BMI, and WC were positively associated with all-cause mortality. The performance of WWI, BMI, and WC in predicting all-cause mortality yielded AUCs of 0.697, 0.524, and 0.562, respectively. The data also revealed a U-shaped relationship between WWI and all-cause mortality. Race and cancer modified the relationship between WWI and all-cause mortality, with the relationship being negatively correlated in African Americans and cancer patients.

Conclusions
In non-Asian populations in the United States, there is a U-shaped relationship between WWI and all-cause mortality, and WWI outperforms BMI and WC as a predictor of all-cause mortality. These findings may contribute to a better understanding and prediction of the relationship between obesity and mortality, and provide support for effective obesity management strategies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12937-024-00947-z.
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Introduction
Obesity is a complex metabolic disease [1]. Obesity has experienced a significant surge in prevalence over the decades and is reaching an unprecedented level: nearly one-third of the global population is obese [2, 3]. The condition has been unequivocally linked to mortality, and studies have estimated that obesity can reduce life expectancy by 5–20 years [4, 5]. The increased mortality risk is primarily attributable to the elevated incidence of chronic diseases, including cardiovascular disease [6, 7], metabolic disease [8, 9], Alzheimer’s disease [10], and various cancers [11–13], which are closely associated with obesity.
The Body mass index (BMI) is widely recognized as a reliable predictor of premature mortality, yet it fails to differentiate between fat mass and lean body mass [14]. Instead, body composition and distribution of body fat are more precise indicators of unfavorable metabolic profiles [15, 16]. It is worth noting that in a recent meta-analysis of 32 studies involving approximately 32,000 individuals with excessive body fat according to BMI, half of them were found to have normal body fat [17]. Thus, waist circumference (WC) has emerged as a potential alternative to BMI for forecasting obesity-related disorders [18]. However, WC and BMI are highly correlated, limiting WC’s independent use as a measure of BMI [19, 20].
The weight-adjusted waist circumference index (WWI), originally introduced by Park et al [21], provides a measure of age-related changes in body composition, including loss of muscle mass and retention or increase in fat mass [22]. Recent investigations demonstrate a noteworthy positive relationship between WWI and cardiovascular disease [23, 24], chronic kidney disease [25], and metabolic disease [26]. Moreover, prospective studies reveal that WWI is a reliable predictor of cardiac-caused mortality and all-cause mortality [21, 27, 28]. Nevertheless, these studies have solely focused on Asian populations. Additionally, the non-linear association between WWI and all-cause mortality requires further explanation, which is of paramount importance for effective obesity management aimed at reducing mortality.
Therefore, we conducted a cohort study using data from the 2011–2018 National Health and Nutrition Examination Survey (NHANES) to investigate the linear and non-linear associations between WWI and all-cause mortality in non-Asian populations in the United States, and whether WWI was superior to traditional obesity indicators as a predictor of all-cause mortality.

Methods
Study population
The NHANES is a widely recognized, nationally representative survey program administered by the National Center for Health Statistics (NCHS) [29, 30]. The NCHS Research Ethics Review Board approved the study procedure, and all participants provided written consent at the time of recruitment. To ensure data quality and reliability, we excluded 15,424 participants who lacked available mortality data or younger than 18 years, 1,294 participants with missing weight data, 1,122 participants without WC data, and 2,724 Asian participants. The final sample size, comprising individuals aged between 18 and 80 years, included 18,592 participants, as illustrated in Fig. 1.
[image: ]
Fig. 1Flow chart of participants selection. NHANES, National Health and Nutrition Examination Survey



Weight-adjusted-waist index
WWI is calculated by dividing waist circumference (cm) by the square root of body weight (kg) [31]. At the mobile examination center, certified health technicians measured participants’ weight and waist circumference. The participants’ weights were determined by removing shoes and heavy clothing. In order to assess waist circumference, skilled health technicians employed a standardized protocol, which involved drawing a horizontal line above the right iliac bone’s highest lateral border and locating the right mid-axillary line. The intersection point of these two lines was marked, and a tape measure was precisely positioned to obtain an accurate measurement [32].

All-cause mortality
To ascertain all-cause mortality, we consulted the records of the National Death Index (NDI) and linked them to the NHANES datasets [33]. Participants were included in the research from the date of their survey participation until either their death or 31 December 2019.

Covariables
Based on previous studies of the association between body composition and mortality [34, 35], we included a variety of covariates that could potentially influence the outcome. These included age (as a continuous variable), gender (male or female), race (categorized into non-Hispanic White, non-Hispanic Black, Mexican American, and other races, the other races includes Multi-Racial individuals), smoking status (current smoker, former smoker, never smoked), alcohol drinking status (current drinker, former drinker, non-drinker), income-to-poverty ratio (PIR) (a continuous variable), and multiple disease conditions (including self-reported heart failure, coronary heart disease, hypertension, renal failure, liver conditions, diabetes, stroke, heart attack, and cancer). Physical measurements were obtained through medical examinations at mobile screening centers, while demographic variables, lifestyle habits, and disease conditions were collected by trained personnel through standardized documentation.

Statistical analysis
All statistical analyzes were weighted in accordance with the NHANES analysis guidelines, given that NHANES employs a complex multi-stage probability sampling design [36, 37]. Due to the presence of missing data for several covariates, multiple imputation (5 datasets) with chained equations was performed to address this issue. All statistical analyses were performed using R (version 4.2) or Empowerstats (version 5.0). The demographics of the participants were assessed by quartile of the WWI using chi-square and t-tests. Cox proportional hazard models were employed to evaluate the association between WWI, BMI, WC and the risk of all-cause mortality. Three models were developed to control for potential confounders, Model 1 was unadjusted, Model 2 adjusted for gender, age, and race, and Model 3 adjusted for age, gender, race, education level, ratio of family income to poverty, alcohol drinking status, smoking status, and diseases status. Additionally, we performed tests for linear trend by entering the median value of each quartile of WWI as a continuous variable in the models. The same statistical analysis was subsequently performed in two sensitivity analyzes in which we excluded participants with major cardiovascular disease (myocardial infarction, coronary heart disease, and stroke) and cancer, and in a second sensitivity analysis in which we excluded participants with less than two years of follow-up. Subgroup analyses and interaction tests were performed to explore the link between WWI and all-cause mortality in populations of differing genders, races, ages, and disease statuses. Smoothing curve fitting was employed to examine the nonlinear association between WWI and all-cause mortality, and a two-stage Cox proportional hazard regression model was constructed based on the inflection point [38, 39]. The effectiveness of WWI, BMI, and WC in predicting all-cause mortality was evaluated using a receiver operating characteristics (ROC) curve study. The area under the ROC curve (AUC) with associated 95% CI for sensitivity and specificity is displayed. Statistical significance was defined as a two-sided P-value less than 0.05.


Results
Baseline characteristics
The study included 18,592 eligible participants, consisting of 9,080 men (48.84%) and 9,512 women (51.16%), with a mean (SD) age of 47.99 (18.52) years. The racial composition of the cohort was as follows: 7,738 non-Hispanic whites (41.62%), 4,844 non-Hispanic blacks (26.05%), 2,975 Mexican Americans (16.00%), and 3,035 participants belonging to other races (16.32%). The participants had a mean (SD) WWI of 11.07 (0.89) cm/√kg. The median follow-up time was 58 months, during which 1,065 deaths occurred, resulting in a cumulative incidence of death during follow-up of 5.73%. Participants in the highest quartile of WWI were more likely to be female, non-Hispanic White people and Mexican American, and older compared to those in the lowest quartile. Moreover, individuals with higher WWI exhibited lower levels of education and income, indicating a lower socioeconomic status. Additionally, higher WWI were associated with a higher prevalence of cardiovascular disease, renal failure, liver diseases, and cancer (Table 1).
Table 1Basic characteristics of participants by weight-adjusted-waist index among U.S. adults


	Characteristics
	Missing, %
	Weight-adjusted-waist index

	Q1 (n = 4,648)
	Q2 (n = 4,648)
	Q3 (n = 4,648)
	Q4 (n = 4,648)

	Age (years)
	0
	35.34 ± 13.83
	45.59 ± 15.45
	51.42 ± 16.35
	57.06 ± 16.66

	Family PIR
	9.2
	3.03 ± 1.69
	3.14 ± 1.65
	2.96 ± 1.67
	2.59 ± 1.58

	Gender, (%)
	0
	 	 	 	 
	Male
	 	60.11
	52.04
	46.87
	32.78

	Female
	 	39.89
	47.96
	53.13
	67.22

	Race/ethnicity, (%)
	0
	 	 	 	 
	Non-Hispanic White
	 	67.91
	68.31
	66.73
	70.21

	Non-Hispanic Black
	 	15.92
	11.08
	10.52
	9.47

	Mexican American
	 	6.27
	9.57
	11.54
	10.76

	Other races
	 	9.90
	11.04
	11.20
	9.56

	Education level, (%)
	5.3
	 	 	 	 
	< high school
	 	9.34
	12.36
	16.46
	19.27

	High school
	 	18.92
	21.57
	25.17
	26.94

	> high school
	 	71.74
	66.08
	58.37
	53.79

	Drinking alcohol, (%)
	8.0
	 	 	 	 
	Current
	 	57.71
	57.72
	57.53
	55.42

	Former
	 	16.99
	20.03
	21.01
	18.51

	Never
	 	25.30
	22.75
	22.46
	26.07

	Smoking status, (%)
	1.4
	 	 	 	 
	Current
	 	20.96
	20.70
	19.04
	18.04

	Former
	 	14.94
	23.50
	29.11
	30.85

	Never
	 	64.00
	55.80
	51.85
	51.11

	Diabetes, (%)
	0.1
	 	 	 	 
	Yes
	 	2.78
	7.95
	14.58
	26.55

	No
	 	97.22
	92.05
	85.42
	73.45

	Stroke, (%)
	5.3
	 	 	 	 
	Yes
	 	0.78
	2.04
	3.06
	5.47

	No
	 	99.22
	97.96
	96.94
	94.53

	Coronary heart disease, (%)
	5.5
	 	 	 	 
	Yes
	 	0.89
	2.16
	4.31
	7.54

	No
	 	99.11
	97.84
	95.69
	92.46

	Renal failure, (%)
	5.3
	 	 	 	 
	Yes
	 	1.27
	2.26
	2.46
	5.44

	No
	 	98.73
	97.74
	97.54
	94.56

	Hypertension, (%)
	0.1
	 	 	 	 
	Yes
	 	12.80
	28.61
	38.96
	52.36

	No
	 	87.20
	72.39
	61.04
	47.64

	Myocardial infarction, (%)
	5.3
	 	 	 	 
	Yes
	 	0.59
	2.20
	4.59
	7.54

	No
	 	99.41
	97.80
	95.41
	92.46

	Cancer, (%)
	5.3
	 	 	 	 
	Yes
	 	5.10
	10.19
	11.84
	17.33

	No
	 	94.90
	89.81
	88.16
	82.67

	Liver diseases, (%)
	5.4
	 	 	 	 
	Yes
	 	5.10
	10.19
	11.84
	17.33

	No
	 	94.90
	89.81
	88.16
	82.67

	Weight (kg)
	0
	74.57 ± 16.80
	82.50 ± 19.32
	87.36 ± 21.73
	92.74 ± 24.93

	Waist circumference (cm)
	0
	85.53 ± 10.55
	97.28 ± 11.58
	105.45 ± 13.08
	116.18 ± 15.86

	BMI (kg/m2)
	0
	24.82 ± 4.70
	28.36 ± 5.27
	30.93 ± 6.40
	34.53 ± 7.73

	WWI (cm/√kg)
	0
	9.95 ± 0.39
	10.75 ± 0.17
	11.33 ± 0.17
	12.14 ± 0.41


Mean ± SD for continuous variables: the P value was calculated by the weighted linear regression model; (%) for categorical variables: the P value was calculated by the weighted chi-square test. Abbreviation: PIR, the ratio of income to poverty, BMI, body mass index; Q, quartile; WWI, weight-adjusted-waist index




Association between WWI, BMI, WC and all-cause mortality
Weighted cox proportional hazards regression analysis showed that WWI was positively correlated with all-cause mortality, and both BMI and WC were negatively correlated with all-cause mortality (Table 2). In the fully adjusted model, each unit increase in WWI was associated with a 13% increased risk of all-cause mortality [HR = 1.13, 95% CI: (1.03, 1.25)]. Participants with a higher WWI (quartile 4) had a 14% higher all-cause mortality rate than those with a lower WWI (quartile 1), although this linear association was not significant. Both BMI and WC were inversely associated with all-cause mortality. Participants with higher BMI had a 34% reduction in all-cause mortality [HR = 0.66, 95% CI: (0.55, 0.80)] compared with those with lower BMI, and participants with higher WC had all-cause mortality compared with those with lower rate decreased by 27% [HR = 0.73, 95% CI: (0.60, 0.88)]. After excluding participants with major cardiovascular disease and cancer, the positive association of WWI with all-cause mortality remained [HR = 1.27, 95% CI: (1.12, 1.44)], whereas the association between BMI and WC with mortality was not statistically significant (Table S1). In another sensitivity analysis, in which participants with less than two years of follow-up were excluded, very similar results were obtained, and the positive association between WWI and all-cause mortality remained robust [HR = 1.18, 95% CI: (1.06, 1.33)], the associations between BMI and WC and all-cause mortality were not maintained (Table S2). In addition, given that mortality increases exponentially with age, we used age (< 40, 40–60, > 60) as a categorical variable in the model adjustment, and the results were consistent with the previous ones, with the significant negative association between WWI and all-cause mortality remaining (Table S3).
Table 2Association between WWI, BMI, WC, and all-cause mortality


	Exposure
	number of participants/ number of events
	Person-Years (years)
	Model 1
HR (95% CI)
	Model 2
HR (95% CI)
	Model 3
HR (95% CI)

	WWI (continuous)
	1,065/18,592
	90311.67
	2.04 (1.90, 2.18)
	1.28 (1.17, 1.39)
	1.13 (1.03, 1.25)

	WWI (quartile)
	 	 	 	 	 
	Q1
	94/4,648
	23937.33
	Reference
	Reference
	Reference

	Q2
	191/4,648
	23028.08
	2.13 (1.66, 2.72)
	0.97 (0.76, 1.25)
	0.97 (0.75, 1.26)

	Q3
	303/4,648
	22280.33
	3.51 (2.79, 4.43)
	1.08 (0.85, 1.38)
	0.97 (0.75, 1.25)

	Q4
	477/4,648
	21065.92
	5.93 (4.75, 7.40)
	1.39 (1.09, 1.77)
	1.14 (0.88, 1.48)

	P for trend
	 	 	< 0.001
	< 0.001
	0.092

	BMI (continuous)
	1,065/18,592
	90311.67
	0.98 (0.97, 0.99)
	0.99 (0.98, 1.00)
	0.98 (0.97, 0.99)

	BMI (quartile)
	 	 	 	 	 
	Q1
	310/4,605
	23465.08
	Reference
	Reference
	Reference

	Q2
	273/4,641
	22805.42
	0.89 (0.75, 1.04)
	0.64 (0.54, 0.75)
	0.61 (0.51, 0.72)

	Q3
	258/4,637
	22320.25
	0.85 (0.72, 1.00)
	0.67 (0.56, 0.79)
	0.62 (0.52, 0.74)

	Q4
	214/4,689
	21645.08
	0.73 (0.61, 0.87)
	0.76 (0.64, 0.91)
	0.66 (0.55, 0.80)

	P for trend
	 	 	< 0.001
	0.009
	< 0.001

	WC (continuous)
	1,065/18,592
	90311.67
	1.01 (1.01, 1.01)
	1.00 (0.99, 1.00)
	0.99 (0.99, 1.00)

	WC (quartile)
	 	 	 	 	 
	Q1
	207/4,640
	23672.17
	Reference
	Reference
	Reference

	Q2
	257/4,654
	22812.75
	1.27 (1.06, 1.53)
	0.71 (0.59, 0.86)
	0.74 (0.61, 0.90)

	Q3
	294/4,632
	22208.67
	1.51 (1.26, 1.80)
	0.66 (0.55, 0.79)
	0.64 (0.53, 0.77)

	Q4
	307/4,666
	21618.08
	1.62 (1.36, 1.93)
	0.82 (0.69, 0.98)
	0.73 (0.60, 0.88)

	P for trend
	 	 	< 0.001
	0.180
	0.006


Model 1: No covariates were adjusted. Model 2: Age, gender, race were adjusted. Model 3: Age, gender, race, education level, ratio of family income to poverty, alcohol drinking status, smoking status, stroke status, coronary heart disease status, renal failure status, liver diseases status, myocardial infarction status, and cancer status were adjusted
Abbreviation Q, quartile; WWI, weight-adjusted-waist index; BMI, body mass index; WC, waist circumference



The smooth curve fitting results showed that there was a U-shaped association between the three obesity indicators and all-cause mortality (WWI: 10.46 cm/√kg; BMI: 28.50 kg/m2; WC: 101.40 cm) (Fig. 2). The results of the threshold effect analysis illustrate the inflection point (the lowest point of the U-shaped association) and the linear effects at both ends (Table 3). When WWI was greater than 10.46 cm/√kg, every unit increase in WWI was associated with a 20% increase in all-cause mortality [HR = 1.20, 95% CI: (1.08, 1.33)], while when WWI was less than 10.46 cm/√kg, each unit increase in WWI was associated with a 38% reduction in all-cause mortality [HR = 0.62, 95% CI: (0.41, 0.94)] (Table 3).
[image: ]
Fig. 2The nonlinear associations between weight-adjusted waist index, body mass index, waist circumference and all-cause mortality. The solid red line represents the smooth curve fit between variables. Blue bands represent the 95% of confidence interval from the fit. (A) weight-adjusted waist index and all cause mortality; (B) body mass index and all cause mortality; (C) waist circumference and all cause mortality


Table 3Threshold effect analysis of WWI, BMI, and WC on all-cause mortality by two-piecewise linear regression model


	Variables
	number of participants/ number of events
	Person-Years (years)
	Adjusted HR (95%CI), P-value

	Fitting by the standard linear model (WWI)
	1,065/18,592
	90311.67
	1.13 (1.03, 1.25)

	Fitting by the two-piecewise
linear model
	 	 	 
	Inflection point (cm/√kg)
	 	 	10.46

	WWI < 10.46 (cm/√kg)
	94/4,621
	23816.83
	0.62 (0.41, 0.94)

	WWI > 10.46 (cm/√kg)
	971/13,971
	66494.83
	1.20 (1.08, 1.33)

	Log likelihood ratio
	 	 	0.007

	Fitting by the standard linear model (BMI)
	1,065/18,592
	90311.67
	0.98 (0.97, 0.99)

	Fitting by the two-piecewise
linear model
	 	 	 
	Inflection point (kg/m2)
	 	 	28.50

	BMI < 28.50 (kg/m2)
	583/9,246
	45673.00
	0.92 (0.90, 0.94)

	BMI > 28.50 (kg/m2)
	472/9,326
	44562.83
	1.02 (1.00, 1.03)

	Log likelihood ratio
	 	 	< 0.001

	Fitting by the standard linear model (WC)
	1,065/18,592
	90311.67
	0.99 (0.99, 1.00)

	Fitting by the two-piecewise
linear model
	 	 	 
	Inflection point (cm)
	 	 	101.40

	WC < 101.40 (cm)
	528/10,233
	50935.00
	0.98 (0.97, 0.98)

	WC > 101.40 (cm)
	537/8,359
	39376.67
	1.01 (1.00, 1.01)

	Log likelihood ratio
	 	 	< 0.001


Age, gender, race, education level, ratio of family income to poverty, alcohol drinking status, smoking status, stroke status, coronary heart disease status, renal failure status, liver diseases status, myocardial infarction status, and cancer status were adjusted
Abbreviation Q, quartile; WWI, weight-adjusted-waist index; BMI, body mass index; WC, waist circumference



To assess whether the association between WWI and all-cause mortality was consistent across populations, subgroup analyzes and interaction tests stratified by age, sex, race, and disease status were performed. The results in Table 4 show that race and cancer modified the association between WWI and all-cause mortality (interaction P < 0.05), and this association was even among non-Hispanic black people [HR = 0.87, 95% CI: (0.72, 1.05)] and cancer participants [HR = 0.83, 95% CI: (0.69, 1.01)] were negatively correlated. The results of smooth curve fitting confirmed these non-linear negative associations (Fig. 3). However, the association between WWI and all-cause mortality remained consistent across age, sex, and other disease subgroups (P > 0.05 for interaction).
Table 4Subgroup analysis of the association between weight-adjusted-waist index and all-cause mortality


	Subgroup
	number of participants/ number of events
	Person-Years (years)
	Adjusted HR (95%CI)
	P for interaction

	Gender
	 	 	 	0.380

	Male
	632/9,080
	43940.42
	1.10 (0.97, 1.24)
	 
	Female
	433/9,512
	46371.25
	1.19 (1.04, 1.35)
	 
	Race/ethnicity
	 	 	 	0.010

	Non-Hispanic White
	606/7,738
	37867.50
	1.21 (1.07, 1.37)
	 
	Non-Hispanic Black
	258/4,844
	23902.17
	0.87 (0.72, 1.05)
	 
	Mexican American
	92/2,975
	14063.42
	1.32 (0.96, 1.82)
	 
	Other races
	109/3,035
	14478.58
	1.44 (1.03, 2.03)
	 
	Age
	 	 	 	0.931

	< 60 years
	263/13,051
	65725.00
	1.35 (1.14, 1.59)
	 
	≥ 60 years
	802/5,541
	24586.67
	1.34 (1.20, 1.49)
	 
	Diabetes
	 	 	 	0.842

	Yes
	350/2,898
	13050.25
	1.14 (1.02, 1.28)
	 
	No
	715/15,694
	77261.42
	1.12 (0.95, 1.32)
	 
	Stroke
	 	 	 	0.393

	Yes
	141/693
	2895.58
	1.15 (1.04, 1.27)
	 
	No
	924/17,899
	87416.08
	1.02 (0.78, 1.32)
	 
	Coronary heart disease
	 	 	 	0.703

	Yes
	167/725
	2958.75
	1.13 (1.02, 1.26)
	 
	No
	898/17,867
	87352.92
	1.08 (0.86, 1.36)
	 
	Renal failure
	 	 	 	0.075

	Yes
	96/629
	2798.00
	1.16 (1.05, 1.28)
	 
	No
	969/17,963
	87513.67
	0.87 (0.65, 1.17)
	 
	Hypertension
	 	 	 	0.821

	Yes
	702/6,714
	31562.75
	1.09 (0.93, 1.28)
	 
	No
	363/11,878
	58748.92
	1.12 (0.99, 1.26)
	 
	Myocardial infarction
	 	 	 	0.136

	Yes
	168/758
	3143.00
	1.16 (1.04, 1.28)
	 
	No
	897/17,834
	87168.67
	0.95 (0.75, 1.21)
	 
	Cancer
	 	 	 	0.001

	Yes
	279/1,783
	7888.42
	1.23 (1.11, 1.37)
	 
	No
	786/16,809
	82423.25
	0.88 (0.74, 1.06)
	 
	Body mass index
	 	 	 	0.106

	< 25 kg/m2
	335/5,021
	24985.33
	1.17 (0.98, 1.39)
	 
	25–29.9 kg/m2
	330/5,903
	28919.75
	1.53 (1.27, 1.85)
	 
	≥ 30 kg/m2
	390/7,648
	36330.75
	1.28 (1.09, 1.51)
	 
	Liver diseases
	 	 	 	0.834

	Yes
	96/777
	3428.42
	1.13 (1.02, 1.25)
	 
	No
	969/17,815
	86883.25
	1.10 (0.78, 1.57)
	 

Age, gender, race, education level, ratio of family income to poverty, alcohol drinking status, smoking status, diabetes status, stroke status, coronary heart disease status, renal failure status, liver diseases status, high blood pressure status, myocardial infarction status, and cancer status were adjusted. In the subgroup analysis stratified by gender and race, the model is not adjusted for the stratification variable itself
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Fig. 3Subgroup non-linear relationship between weight-adjusted waist index and all-cause mortality. (A) Stratified by gender; (B) Stratified by race; (C) Stratified by age; (D) Stratified by diabetes; (E) Stratified by stroke; (F) Stratified by coronary heart disease; (G) Stratified by cancer; (H) Stratified by renal failure; (I) Stratified by myocardial infarction; (J) Stratified by hypertension; (K) Stratified by liver diseases; (L) Stratified by body mass index



WWI, BMI and WC in predicting all-cause mortality
Figure 4 demonstrates the predictive performance of WWI, BMI and WC on all-cause mortality. The AUCs for WWI, BMI and WC were 0.697, 0.524 and 0.562, respectively.
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Fig. 4Receiver-operating characteristics (ROC) curves of weight-adjusted waist index, body mass index, and waist circumference for predicting all-cause mortality




Discussion
To our knowledge, this is the first extensive cohort study to explore the relationship between WWI and all-cause mortality, primarily focusing on non-Asian populations in the United States. This study provides a meticulous examination of the correlation between the WWI and all-cause mortality, involving comprehensive subgroup and sensitivity analyses, reaffirming the strength and consistency of our findings. Our study unveiled a U-shaped correlation between WWI and all-cause mortality, indicating a higher risk at both extremely low and high WWI values. In addition, our results demonstrate that WWI is more robustly associated with and predicts all-cause mortality than traditional measures of obesity such as BMI and WC, confirming its superiority in the study population prognostic ability.
Existing research highlights obesity as the leading lifestyle-related risk factor for premature mortality [40], underscoring the importance of evaluating obesity and identifying individuals at risk of metabolic disorders in clinical practice. Obesity assessment involves multiple anthropometric measures, with BMI being the most commonly utilized due to its regular measurement in primary care and hospital settings, as well as its straightforward classification into normal, overweight, and obese categories [41]. Despite its widespread use, BMI is not a highly accurate measure of body fat and composition, as it does not differentiate between lean body mass and fat mass. Additionally, body composition can differ among various demographic groups, including age, gender, and ethnicity, making it challenging to establish a universal age-sex-race index for defining obesity [42]. Research has demonstrated that Asians with lower BMI levels may face a greater risk of developing diabetes compared to individuals of European and American descent [43]. These findings clearly advocate for a more accurate and clinically useful measure of obesity.
Park et al. first proposed the WWI based on the classical approach of developing the height scaling index used in BMI and validated the predictive power for cardiovascular disease mortality and morbidity in a cohort of approximately 20,000 participants in Korea [21]. As the WWI was developed and validated using the same dataset, further validation of its reliability is still required by additional prospective studies [44]. In a 10-year cohort study of 1,863 Chinese older adults, Cai et al. validated a positive correlation between WWI and all-cause mortality. Their results indicated that WWI was a superior predictor of all-cause mortality compared to both BMI and WC [27]. Similarly, Ding et al. conducted a cohort study of more than 12,000 participants from southern China to examine the association between WWI and mortality [28], their study found a non-linear positive correlation between WWI with both all-cause mortality and cardiovascular mortality, with a significant increase in the risk of all-cause mortality when WWI was ≥ 11.2 cm/√kg. In our study, the predictive performance of WWI, BMI and WC for all-cause mortality was compared, and the results were expressed as AUC. The AUC for WWI, BMI and WC were 0.697, 0.524 and 0.562, respectively, and the results of the Delong test indicated that the predictive performance of WWI was significantly higher than that of BMI and WC (P < 0.001). These results further substantiated that WWI was a more effective predictor of all-cause mortality than BMI and WC. The AUC for WWI being notably higher than that of BMI and WC indicates that the WWI provides a more accurate prediction of mortality risk. Furthermore, our results revealed a U-shaped association between WWI and all-cause mortality in the US population, with a threshold effect analysis indicating that the risk of all-cause mortality is lowest at a WWI of 10.46 cm/√kg. These findings may have implications for using WWI to assess and manage obesity in specific populations to reduce the risk of death.
The relationship between obesity and increased risk of death in the general population is multifaceted and well-established [45]. However, it is crucial to take into account factors such as age, gender, and race when examining this association within a study population [46, 47]. Subgroup analyses indicate that non-Hispanic blacks demonstrate a distinct pattern compared to other races regarding the relationship between weight and all-cause mortality. Previous research suggests that this racial difference may be primarily attributed to variations in body size and composition [48]. Non-Hispanic Blacks of the same age, BMI, weight, and height tend to have longer limbs, greater musculoskeletal mass, and smaller trunk mass and waist circumference in comparison to individuals of other races [49]. Moreover, our analysis revealed a significant inverse association between weight and all-cause mortality in participants with cancers. Evidence suggests that tumors in obese patients may exhibit less aggressive characteristics than those in normal weight patients [50]. Additionally, the excess adipose tissue in obese patients can act as a nutritional reserve, providing a survival advantage during times of stress such as anti-cancer treatment [51]. However, given the potential for reverse causality, this association should be interpreted cautiously in clinical practice [52].
Our study has several noteworthy strengths, including the use of a complex multi-stage probability sampling design, which bolsters the reliability and representativeness of our findings, and a large sample size, allowing investigation into diverse population subgroups. However, it is important to recognize certain limitations and their potential bias. First, we lacked data on all covariates that might influence mortality, such as drug use. This limitation might introduce confounding bias, potentially underestimating or overestimating the true association between WWI and mortality. Despite this, we controlled for multiple significant confounders, helping to mitigate such bias. To further assess the impact that unmeasured confounders might have on our results, we calculated the E-value for the observed association between WWI and all-cause mortality (HR = 1.13, 95% CI: 1.03, 1.25). The E-value of 1.51 indicates that any unmeasured confounder would need to be associated with both WWI exposure and all-cause mortality by at least a factor of 1.51 to fully account for the observed risk ratio. The relatively high E-value suggests that our findings are robust, even in the presence of potential unmeasured confounding. Secondly, potential changes in participants’ body composition and environmental factors over the lengthy follow-up could introduce a misclassification bias, possibly underestimating the association if, for instance, those with higher initial WWI lost weight over the follow-up. The potential magnitude of this bias is challenging to determine due to the absence of repeated measures of these factors. Thus, while these limitations may affect the reliability of our findings, the robust study design and extensive analyses offer confidence in our results.

Conclusion
This study is the first to examine the relationship between WWI and all-cause mortality in detail in a non-Asian population in the United States, revealing a U-shaped relationship between WWI and all-cause mortality, and WWI as a predictor of all-cause mortality beyond Traditional measures of obesity (such as BMI and WC) were excluded. These findings may help to better understand and predict the relationship between obesity and mortality, as well as provide support for effective obesity management strategies.
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